Abstract-The use of cool storage in conjunction with residential lithium bromide absorption chillers allows for improved operating conditions of the cooling subsystem. Significant performance degradation in the absorption cooling capacity is evident whenever the chiller cycles on and off during periods of low cooling demand. The capability of providing storage for the chiller out-put prevents short-term cycling of the absorption machine and significantly improves the seasonal average coefficient of performance of the cooling system. Cool storage can also be utilized to allow for a lower cooling capacity of the absorption unit (lower tonnage), without decreasing the ability of the subsystem to meet the cooling demands of the building. The size of cool storage can , in fact, be optimized by evaluating the ability of the cool storage component to minimize cycling of the absorption machine and in meeting the cooling demands on a smaller tonnage chiller.
I. INTRODUCTION
Design of the cooling subsystem for Colorado State University Solar House III is based on the use of a lithium bromide absorption chiller and a "cool" storage unit ; the cool storage being located functionally between the absorption machine and the cooling load distribution system. The distribution system consists of a liquid-to-air heat exchanger and an air duct distribution system. The choice of a lithium bromide absorption cooling machine was based on the ready availability of the unit for research purposes, the demonstrated capability of the unit to operate within the temperature capabilities of solar-delivered heat from fiat-plate collectors and unpressurized storage, and the accessibility of existing research data and experience. In addition , current efforts at improving the LiBr absorption unit are more extensive than for other cooling equipment, allowing for its earliest potential use as a commercial unit for residential applications.
A LiBr absorption chiller does not require the use of water cooling (due to the low temperatures of the hot fluid supplied to the cooling machine by a solar system). The requirement of water cooling normally implies the use of cooling towers, with the accompanying problems of salt build-up, scaling, and potential freezing or breakage due to sudden cold weather periods. However, present development efforts [ 1) show promise for the use of a freeze resistance concept for providing cooling water to the absorber and condenser. In this case, the cooling tower would be eliminated as a separate package as well as the associated labor and material for installing cooling water lines and electrical connections. The pump work for recirculating cooling water would be minimized.
Thus the requirement of water cooling is not a deterrent to the use of LiBr absorption chillers.
The use of a cool storage unit is based on experience gained with CSU Solar House I, which demonstrated the advisability of providing a cool storage capability to limit the cycling of the cooling unit under conditions of low space cooling demands . This cycling, which produced a decrease in the coefficient of performance (COP) of the absorption chiller [2, 3) was due to the warm-up time of the LiBr absorption machine when operating with solarsupplied hot water delivered to the generator. This warm-up time is the time period from when the unit first begins operation until the time that it is operating at its design COP (given the heat input rates to the generator and cooling water temperature conditions). The cooling unit in House I had a warm-up time of 10-15 min . During periods of low cooling demand, the average COP was commonly decreased from an expected 0.7 to less than 0.4. The use of a cool storage was seen as an effective method of minimizing the absorption machine cycling and the subsequent decrease in the average operation COP of the unit.
The utilization of cool storage also allows for the possibility of using a smaller tonnage machine to meet a given cooling demand. For example , a 2-ton unit with a cooling capacity of 23 MJ/hr (24,000 Btu/hr) might be able to handle a building's cooling requirements, even though the building's peak demand cooling load might be 3-tons (34 MJ/hr). This is discussed in more detail in the section on "Cool Storage Sizing" (Section 4).
ABSORPl'ION CHILLER
The unit chosen for the solar system in CSU Solar House III is a Yazaki Corporation, Water Heated Absorption Chiller (Model No. WFC-600S) and Cooling Tower (Model No. CT-S60). Specifications are shown in Table I and Figs. 1-4 . The condition of low wet bulb temperatures in the Fort Collins area allow for optimum performance of the unit.
In addition to the design specifications, it is useful to consider variations in these design conditions. Such consideration then allows for an improved opportunity to evaluate the effects of varying solar conditions and the variations in the temperatures of the cool storage unit. Table 2 shows the effects on the capacity and COP of the cooling unit due to variations of the generator inlet temperature (i.e. the temperature of the hot water supc.: plied by solar or auxiliary to the cooling unit), TiNLET• and the inlet temperature of the chiller water, TINc (i.e. the temperature of the water to be cooled from either the cool storage or the cooling load distribution system). The manufacturer has established a minimum chilled water outlet temperature of 8°C (see Table I limit for the chilled water outlet temperature was selected to be 9°C , in order to improve the cooling coil performance in the cooling distribution system. The combination of temperatures which yield chilled water outlet temperatures in the range of 8-9°C is shown by the blocked area in Table 2 . Below the range of chilled water inlet temperature to the chiller of 8°C, the chilled water outlet temperature is less than 8°C and this zone is considered by the manufacturer as a non-practical zone. Above the normal operating range, the chilled water outlet temperatures are greater than 9°C. Operation in this zone will be conducted only as necessary.
An important aspect of Table 2 is the effect of the chilled water inlet temperature, T 1 N c, on the coefficient of performance of the unit. Note that, for TINc < 14°C, the unit never reaches the design COP of 0.6 within the operating zones. For this reason the "most desirable" operating input temperature of the chilled water is 14-160C. This corresponds to a generator inlet temperature range of 80-95°C in order to obtain the chilled water outlet temperatures of 8-9°C (with a cooling water temperature of 24°C). This operating region is shown by the cross-hatched area in Table 2 .
The important point to be made here is the importance of adhering to design temperatures. Variations of 2 or 3°C in the chilled water inlet temperature and 5-7°C in the generator inlet temperature can yield substantial variations in the COP of the unit, the cooling capacity, and the chilled water outlet temperature. For example, if for a cooling water temperature of 24°C, the chilled water inlet temperature, T me, dropped from 14 to 12°C and the generator inlet temperature decreased from 82 to 75°C ; then, from Fig. I , the COP would drop from 0.64 to 0.58, the capacity from 6480 to 4460 kcal/hr, and the chilled water outlet temperature would be 8.3°C instead of 8.7°C. This implies a much lower efficiency of the cooling unit and a lowered ability of the chilled water subsystem to cool the building.
COOL STORAGE DFSIGN CONSIDERATIONS
The utilization of cool storage in conjunction with an absorption chiller has been discussed above. The actual incorporation of the cool storage into the cooling subsystem may be accomplished in a variety of ways. Figure  5 shows several possible schematics. The schematic in 5(a) assumes a flow rate through the chiller to be the same as across the cooling coils which provides cool to the building. This, however, limits the cooling capability of the cooling coils to that of the absorption machine and eliminates one of the principal advantages of using cool storage. chosen for CSU Solar House III is a modification of Fig.  5(c) , and is shown in Fig. 6 , along with some of the design flow rates and recommended temperatures. The requirement for two storage tanks is due to the need for temperature stratification between the inlet and outlet of the chiller. Such stratification is generally difficult to obtain for single tanks. The design in Fig. 6 utilizes two identically-sized water tanks (Cool Storage I and Cool Storage II), with the total volume of water in the cooling load and water chiller loops equal to the volume of the one tank. Each of the cool storage tanks (marked "I" for the cool storage on the inlet side of the chiller and "II " for the outlet side of the chiller) acts as a variable level tank. Operation of the chiller lowers the water level in Tank I and raises the amount of water in Tank II. Operation of the L pump to deliver cool water to the cooling coils (load) does the reverse. When both C pump (chiller operation) and L pump operate concurrently, the net effect is the lowering of the water level in Tank II and the increase in the water level in Tank I. Because of this design, the cooling capacity may be 1.5-2.0 times the capacity of the absorption chiller.
The use of two variable-level cool storage tanks l 2°C l 3°C ensures the all important temperature stratification between the inlet and outlet sides of the water chiller, discussed above. In order to consistently provide an inlet chilled water temperature of 14-16°C to the chiller, and at the same time to be able to utilize to best advantage the 8-9°C outlet temperature of the chiller, the use of two tanks is necessary to ensure the required stratification. Attempts at the use of a single stratified tank have had limited success due to mixing in the tank and lowered efficiency of the absorption chiller unit, due to operation at "off design" temperatures.
COOL STORAGE SIZING
In determining an appropriate cool storage capacity, it is essential to consider the daily fluctuations of cooling demand. Data from CSU Solar House I can be used to provide an indication of the expected cooling demand of CSU Solar House III during the course of one day. The data chosen corresponds to a day with one of the highest cooling demands of the summer and is approximated in Table 3 .
Based on the Yazaki cooling unit's rated cooling capacity of 25 MJ/hr (2.2 tons), the absorption cooling machine can be expected to provide a total of 600 MJ/day when operating continuously over a 24 hr period. Thus the unit is capable of meeting the daily cooling load shown in Table 3 if sufficient storage is employed.
To ensure the peak cooling demands of the day, we must realize sufficient cool storage capacity in order to provide the difference between the peak cooling demands and the absorption cooling unit's rated cooling capacity. In general, the cool storage capacity required would be given by an equation of the form peak cooling demand over a specific time interval, 11t;; c the cooling capacity of the cooling machine; and 8~; = 0 for c;;. L; and = I for c < L;. This , of course, assumes that there are no periods of c > L; which interrupt the sequence of periods when c < L;. Should these consistently occur, then the cool storage capacity could be smaller. From the data in Table 3 This requires a storage volume of cool water, given by where V is the volume of one cool storage tank (e.g. V 1 ); cp the specific heat of water at -12°C ; p the density of water at -12°C; and (Tc.a -Tc,;) the temperature difference between the inlet and outlet of the cool storage tanks across the load (cooling coils). From Fig. 6 , we see that (Tc.a -Tc.;)"" 6°C. Therefore
The units chosen for CSU Solar House III cool ·storage subsystem have a volume of 1900 I. each.
OTHER SIZING CONSIDERATIONS
Note that a larger tonnage of the chiller could provide for a smaller cool storage capacity and vice-versa. The limitations are that the chiller's capacity should be at least large enough to provide for the daily cooling demand (by operating continuously for 24 hr), and that with no cool storage, the absorption machine should be large enough to meet the largest expected hourly peak. Figure 7 shows a plot of the necessary cool storage thermal capacity as a function of the chiller's operating capability. Curve I is derived from eqn (I) and the CSU Solar House data in Table 3 . Figure 7 also contains a similar plot (Curve II) for a hypothetical , commercial building's cooling demand as depicted in Table 4 . The total daily cooling requirement of this building bas been chosen equal to CSU Solar House I, but the pattern of hourly demand is substantially different.
From Fig. 7 , we see that at all points to the right of the "MIN" point noted on each curve (the minimum chiller .., capacity capable of meeting the daily demand), represent the case when the cooling unit is not being used continuously and thus suffers, to some degree, a lowering of the COP to account for the warm-up time of the unit. In addition, the "MIN" point is valid only for the heaviest daily cooling demand of the cooling season. Thus we can expect, in general, that some cycling of the cooling unit will occur and that, therefore, cool storage could be used to minimize the effect of this cycling. The COP of the unit varies as a function of how long the cooling machine is in continuous operation over a specific period of time (i.e. the cooling unit's operating period), and is shown schematically in Fig. 8 . This theoretical curve takes into account the lowered COP during the initial start-up of the absorption machine. Utilizing Fig. 8 , we can then select a minimum period of time in which we will allow the cooling unit to operate, and then select the minimum cool storage thermal capacity required to accommodate the resultant cooled fluid . For example, if we choose a minimum operating period of 30 min , we can ensure a COP in excess of 0.45; but this will require a cool storage thermal capacity of Oc = (1/2 hr)[ CJ (2) where C is the cooling unit's cooling capacity. For the CSU Solar House III design , C = 25 MJ/hr and Oc = 12.5 MJ/hr, or a water storage volume of about 500 I.
Equation (2) depends on the chiller's capacity and for a given minimum operation period , lm;n, a larger cooling unit will require a larger cool storage thermal capacity. We can, in effect, again plot the cool storage thermal capacity versus the chiller's capacity. The results for several different operating periods are shown in Fig. 9 . From Fig. 9 , we see that, for a given cooling demand schedule (as represented by Tables 3 and 4) , and the selection of a minimum operating period, lmin• we can optimize both the size of the cool storage thermal capacity and the chiller's maximum cooling capability. For example, if we wish to ensure a coefficient of performance of the cooling unit to be in excess of 0.56, we would choose two hours as the minimum operating period (Fig. 8) . From Fig. 9 , for the CSU Solar House I (Curve I), we obtain an optimum sizing of the cooling components:
Cool Storage Thermal Capacity = 50 MJ. 
